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Research Status and Prospects of Terrestrial-aerial Multimodal Robots
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Abstract Terrestrial-aerial multimodal robots demonstrate significant application potential in disaster rescue, spe-
cial-purpose inspection, and extraterrestrial exploration, with the advantages of strong environmental adaptability,
long operational endurance, and high task continuity. Their motion process can be divided into multiple phases,
such as ground locomotion, takeoff, flight, and landing. Precise motion control under each modality and stable
transitions between different modalities are key to ensuring that terrestrial-aerial multimodal robots can efficiently
and reliably perform tasks such as exploration and rescue. This paper systematically reviews recent research on ter-
restrial-aerial multimodal robots at home and abroad, focusing on their configuration characteristics, actuation
modes, and motion principles. On this basis, key technologies are analyzed in depth, including obstacle perception
and stable locomotion over complex terrains, autonomous and stable takeoff in unstructured environments, stable
flight and trajectory maintenance under airflow disturbances, and buffered landing under ground effect and touch-
down impact. Finally, the challenges and emerging trends toward autonomous and intelligent motion for terrestrial-
aerial multimodal robots are elaborated.
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Classification of terrestrial-aerial multimodal robots



5 RIS i 2 BRSPS NBORBE U BUIR & e 2 911

LI RATRS S E S S KRG, A FZE )
RS () B i, RO A R AR R AN A AR P
LR BN, g5 8 U0 = 2 A PLEEA
gy ke s, AR 2, RR 7 28 i SRR
w1 fis.

1.1.1 BAMTEZESHEA

Ko NN A% N AE - 35 3 i £% 2o 2 bR REFEAIC HL
P fal B, R E AP AR, T2 N T A
K S5Y s SR, BT LIRS, TR R
TE AT HLER Nl B nied, kgt Aks 2
RSN IR A2 & RS IR B 1, %
FHLAE N AT — X5 Ay sh e 20O 3= 3l 46 2w A
.

L G RAEZ N NGHE e R NS L A
UXBhDfe, kR e A T em B A
KT I 4E ) SEBL L EE ). 2014 4F, HAZR
ALK Ootsuka S50 Bt 7 —FhH T 25 H
PEER B 7S Z A HLAE N, FEDY B3 ATHLE AT
T3 WO 5 JJ AR [ 5E 22 20 DU s e, 8 AR
A 2SS AT R T8 241 1y 77 R K 43 B S B T AE B
B L HE 7y 77 1) 15 RE 0 A R, s TR AL B PEA 2
2020 4, R E A ZAM LK) Mishra SE20 i3
THE P A KAT 4 (unmanned aerial-ground
vehicle, UAGV), WK 2(a) Frs. fEHENL T A IIA
AT SRR, YRR 2R TR B SR T R MR R 3K
13 7 RasE BURS 0 ) M T HERE . SRR, ARUAM I S5 )
Bom T ALEE NE R S EE. 2021 4F, WL KFH
Li &P 50 2 B8 N, Wik 2(b) fis. 1@
AR 332 B R 377 n), R R R S e 346
A 22 ST R M T 7], Jo FR BA N IR S .

F ke b 2 AL N B AL g
BB LI R 2 ) B R OR S, EML RS N A%
PRIH A 5 A0 RI5 e 1) R RE 0, HLBhME S 1 RS FE A
P SR, XRS5 NS oL &, 50 2L
FLRE /3, BIF 5T R 3l SR FH v i 5 6 o A AR T 5 )
ITRA BT, Ak, FEPHATAESS I, HLEs NI 5 5

SN FREERG ) A AR DR e A, A B A
B 5 NFT P HELL. 2017 &5, HASFRE H KK
Tanaka 58 & it 7 —M/N B ZRISHLEEN,
W 2(c) Fw. HEERHRAHEE SR, FIH
FNL BB IR Bl A A 1) 2 sh 0 21 Jl a3 KA A2
P/INES FE T 3, (S AN e 3 4k — s A2 B 1 )
[ B 47, (A B A 2 M BE . 2020 48, & 0 M 2
T 2#BE i) Kalantari 2529 # 11 Drivocopter L35 A,
W 2(d) Bras. HiEE AN VUAS Bk A 4E R4 i ]
ST IRF) FIERTERS, BE(EHLTHIREAS T SEI A 1is 3,
[ IR 28 S0 e 3R PSR gl KA TR, FRAK T A%
SIS R RS, B TR e T

SR, 6 2UBEh S 2 B HLEE N BB RE 718055,
Y WA A B A S 5 S B T I B
%, LA NAT BN R, BRI T AR SR (L
SRS M AL HR I RS 7). AR AT K R R IR
B AN DR FHLE R BE 77, T4 HAER
PRI [

1.1.2 EXFETZIRTSHIEEA

98 Ut = Z AL HLAR BT 7R AT AN AME
IR 5 AR T AR JE, REAE HBTHIAR S T SE LR 3 2K
3, A R0k f e B S5 PR, BERS 7L
a5 NPl fe 7100, FRAE 5028 R T LA 450 22 57
Ao NIRRT S8 T8 BRI 58 —Fh 28 24,

2013 4F, 3 [ A 3 P T 22 B B Kalantari
FPIF R HyTAQ HLEE N, 1l 3(a) Fras. &ML
NAEAL G5 DU i 3 AT HLES NAMERCTT B e 11
FETR ARG 58, AR 7k 5 K AT LA AAHIE, 8
T T e B HE T 22 S B TR B 5 R ) i X
s AT g8 s i AR ME TR, 29 1 /a8
fifi 2= Z IS LA A IR ARG, H AR K
1) Kawasaki %5 [F]4E 511 MUWA HLE A2
TR BB Wl 3(b) . HMTEEME
BRI R CIG IR M R, MU BEAE K FIET,
M W] 7 b TS AR IR B AR LA AR AR
MR e 2 P AR B HE D AN, ] SEERBARE G ST IR

® 1 giksinah s 2L AR RER

Table 1  Classification and research status of superimposed-structure terrestrial-aerial multimodal robots
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(b) Spiral spin docking robot
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Fig.7

WU ER RS, WA 7(c) Pros. il [ g Wl 4
5 4 S R LA DRAIE [ W o7 28— bk, K sh x4
A FEFAC N R ENUERAE, RS TG T X
SRR R M. L EIRE T, i a4t
A RERE B JBE M S ARSI, AL T
MRS RGUE B, e T RS E
(ST ERIITIE

SR G o B A= 2 RS ARG 5] 3
X NI & R G BT TH OIS B B
JE&. SR, BUA WL 2 R LR L R S R A I S 3R
W%, K R Gris AT R R 2 o A B ST R RS
BIERE, XA AR T IR &30 1 AR AT AT R
Rk, Bt — B A SRS GG
RS mE R R RNE L. RO b, S5
57 3] 7V S BN SR 5 P A o3 S A IE N A
e, I $RTH R GRS AR5 5 T I B
R fE
1.3.2 EMEESBERMEEZRSIR[A

Rl 2H 5 o 1 3Rt 2 2 S LA Nt 24
IR R, AR 1 AR AL B LA SEEL
EEE . RITELEE M S EARES
3 A 2P R ) MG, 1258 R GERE 8 A AR 1 5K
PR IE E A 5 D RE B G N RS, AT R A& AE B 2R3
B T & DRI 3 A0 2R FN 5 2 H AR IFAT 1R
frIRE

2019 4, FKHEEFKM LM KB L Shape-
shifter A", T K EREER A TS, W&l 7(d)
Fi. 1% 2 45 thdst PHAE -~ B AL T A0 72 I RATHLES
NEE, HLas N\ 8] ]t b5 4 A B K A
AR SEBLHRE XS $2, EAMONERTEE5H, R AR e 5
D B B AR IR Bl iz v s B A SEE T
AT IR PR 2 8] RO e, R T
RGBS RIEE. HAl, 225 OB KR
T rh g 2 AL D REIIE, o HhAE AN R AR TIE
55 N R .

HRANSE ARG, MRS AAHR

(d) Shapeshifter &%t
(d) Shapeshifter system

(c) B VIR R
(c) Track quadcopter system

RS NESEN e 2 USRI

Composite separated terrestrial-aerial multimodal robots
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Fig.8 Key technologies for terrestrial-aerial multimodal robots
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Fig.9 Obstacle perception and scene understanding in unstructured environments
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Land locomotion control of terrestrial-aerial multimodal robots
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Table 4 Research on obstacle perception and stable locomotion over complex terrains
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(a) BT HEERE &

(a) Pigeon jumping take off
\

(d) RAVEN HL#s ABkikiE &
(d) RAVEN robot jumping take off
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Fig.11
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Table 5 Research on autonomous and stable takeoff in unstructured environments
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Biological mechanisms for stable flight
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Fig.13  Impact of ground effect on terrestrial-aerial multimodal robots
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